lesterol back to the liver (reverse cholesterol transport (4)) The adsorption of high density lipoproteins (HDL) on polyeth-or transferring cholesterol to very low density lipoproteins ylene (PE), poly(2-hydroxyethyl methacrylate) (poly(HEMA)), (VLDL) or low density lipoproteins (LDL) by the cholepolyesterurethane (PU), Biomer, and mica surfaces was studied. steryl ester exchange protein.
INTRODUCTION
study of adsorbed proteins in physiological buffer. The advantage of AFM is that it can simultaneously locate a site High density lipoproteins (HDL) attract increasing atten-with nanometer accuracy and sense small forces on a surface, tion because of epidemiological studies suggesting an in-which makes it possible to detect biomolecular objects with verse relationship between HDL concentration in plasma and molecular resolution. the risk of coronary heart disease (CHD) (1, 2) . It has been
The aim of this investigation was to study the adsorption proposed (3) that HDL modulates the risk of premature of HDL on various solid surfaces as well as the reversibility cardiovascular disease by facilitating the removal of excess of the adsorption, and to investigate the molecular details of cholesterol from peripheral tissues and transporting the cho-the adsorbed proteins. In this study, the adsorption of HDL from a single protein solution and a plasma solution on 1 To whom correspondence should be addressed.
polyethylene (PE), poly(2-hydroxyethyl methacrylate) (poly(HEMA)), polyesterurethane (PU), Biomer, and mica the test device with double-sided adhesive tape as described previously (5) . Poly(2-hydroxyethyl methacrylate) (polysurfaces was determined, using a two-step enzyme-immunoassay. The reversibility of HDL adsorption was examined (HEMA)) was purchased from Aldrich (Steinheim, Germany) and a film of this material was prepared by applying by investigating the desorption of adsorbed HDL from the surfaces by Tween 20 and sodium dodecyl sulfate (SDS). 10 ml of the poly(HEMA) solution (4% (w/v) in DMF) on the stainless steel plate device (5) to form a layer of Furthermore, the adsorbed HDL on mice was imaged using an AFM with a tapping mode in buffer.
polymer solution, and drying the layer in the air for 4 h before use. Biomer (segmented polyether polyurethane) was kindly provided by Ethicon (Somerville, NJ). The Biomer
MATERIALS AND METHODS
was dissolved in N,N-dimethylacetamide (4% (w/v)). BiReagents omer film was prepared in the same way as poly(HEMA) film except for being dried under fresh N 2 overnight. Phosphate buffered saline (PBS, pH 7.4) was obtained
The water-contact angles of PE, PU, Biomer, polyfrom NPBI (Emmer-Compascuum, The Netherlands). (HEMA) and mica surfaces were measured using a captive Tween 20 and sodium dodecyl sulfate (SDS, purity ú bubble method as described by Andrade et al. (14) . The 99.0%) were purchased from Sigma (St. Louis) and Merck surfaces were fixed on the measuring device by means of a (Darmstadt), respectively, and used without further purifi-double-sided adhesive tape. Five readings on different parts cation. Tween and SDS solutions were prepared by dissolv-of each surface were averaged. ing Tween 20 or SDS in PBS (w/v).
A solution of human high density lipoproteins (HDL) was Protein Adsorption purchased from Sigma (St. Louis) and used without further
The protein adsorption experiments were performed with purification. For the protein adsorption experiments, the test devices as described previously (5) . The test surface stock solution containing 1000 mg HDL/ml in PBS (pH 7. 4) area and the contents of each well of a test device were 0.9 was prepared. Human blood plasma containing 21.7 mM cm 2 and 800 ml, respectively. According to the procedure citrate (ACD plasma) was provided by the Blood Bank (Endescribed by Poot et al. (5) and recently modified by us schede, The Netherlands). Before use, the plasma was di- (12) , the adsorption of proteins was performed in the above luted to 1:500 (v/v) with PBS (pH 7.4).
mentioned test devices, with the candidate surface at the Rabbit serum directed against human apolipoprotein Abottom, by adding 200 ml of PBS followed by 200 ml of I (apo A-I) was provided by Behringwerke AG (Marburg) HDL solution or plasma solution. The adsorption time was and was diluted to 1:10 with the first antibody buffer contaken 60 min; then the test surface was washed with PBS sisting of 150 mM NaCl, 50 mM Tris, 0.2% (w/v) gelatin (4 1 800 ml) and incubated with PBS (400 ml) for another (Merck, Darmstadt), and 0.5% (w/v) bovine serum albumin 60 min. (BSA, Sigma), pH 7.5 before use. Sheep anti-rabbit IgG
In order to measure the surface concentration of adsorbed (the second antibody) conjugated to horseradish peroxidase HDL, a two-step enzyme-immunoassay (EIA) was used (5-was obtained from United States Biochemical Co. 12) . Each well of the test device was filled with 200 ml land). The conjugate was diluted to 1:200,000 with a buffer of the first antibody solution and incubated for 1 h. Then which had the same composition as in the first antibody the wells were washed with PBS containing 0.005% (w/v) buffer except for a 5% (w/v) bovine serum albumin.
Tween (4 1 800 ml). After incubation with 200 ml of the The leuko dye solution consisted of 165 ml of 3,3,5,5-conjugate solution (second antibody) for 1 h, the wells were tetramethylbenzidine (Fluka AG, Buchs) solution in DMSO washed with PBS (2 1 800 ml); then the Teflon upper part (Merck) (6 mg/ml) and 10 ml of the acetate/citrate buffer of the test device was replaced with a clean one. The surfaces (0.11 M acetate), the pH of which had been adjusted to 5.5 were washed with PBS again (2 1 800 ml), and 200 ml of by adding solid citric acid. Shortly before use, 10 ml of 3% the substrate/leuko dye solution was added to each well. H 2 O 2 solution as the enzyme substrate was added to the The enzymatic color reaction was carried out in the dark for leuko dye solution.
30 min and was stopped by addition of 100 ml of 2 M H 2 SO 4 .
Solid Surfaces
From each well, 250 ml of the solution was removed for the determination of the absorbance at 450 nm with a multiscanLow-density polyethylene sheets (PE) with a thickness ner (Reader Micro Elisa System, Organon Teknika, Turnof 0.05 mm were obtained from Talas (Ommen, The Nether-hout). lands) and the inner sides of the sheets were used. Polyesterurethane (PU) film was provided by Atochem (Bonn) Desorption of Adsorbed HDL from the Surfaces and adsorption was performed on the inner side of the film. Freshly cleaved surfaces of mica were formed by cleavage
In the desorption experiments, the wells of the test device were washed with PBS (4 1 800 ml) after protein adsorption with adhesive tape. Pieces of mica were fixed to the base of for blank control). Then the solutions were removed and b Concentration of 500 mg/ml.
the wells were washed with PBS (1 1 800 ml). The surface (15) . The bottom of the AFM fluid cell, a cover glass,
The adsorption of HDL on the surfaces was detected with was replaced with mica (thickness about 200 micrometer). a two-step enzyme-immunoassay. Because the EIA is a For the measurements we used sharpened silicon nitride tips semiquantitative technique (7), only relative surface con-(Park Scientific Instruments, FWMS-06AU). A reference centrations of HDL adsorbed on the surfaces could be deterimage was carried out with tapping mode AFM (16) on mined. The relative surface concentrations of HDL on the freshly cleaved mica in the liquid cell filled with 1000 ml surfaces with different hydrophobicities are given in Table  of PBS. Then 100 ml of the PBS was removed and 100 ml 2. The amount of HDL adsorbed from both HDL and plasma of the HDL solution (15 mg/ml in PBS) was added into the solution on the surfaces was in the order PE ú poly(HEMA) fluid cell (final concentration of HDL in the cell was 1.5 ӷ Mica Ç PU Ç Biomer. In addition, significant differences mg/ml). The solution was incubated for 30 min at room between the amounts of HDL adsorbed from the plasma temperature (20ЊC). The cell was washed with PBS (4 1 solution and the single protein solution were not observed 1000 ml). The adsorbed HDL on mica in PBS (1000 ml) under these conditions. was imaged by tapping mode AFM.
For some experiments, the following procedure was HDL Adsorption as a Function of HDL Concentration performed. After the PBS was removed, the HDL ad-
The relative amounts of HDL adsorbed for 1 h from single sorbed on mica was incubated for 60 min at room temperaprotein solutions with various HDL concentrations on PE ture with SDS-containing PBS ( 0.05% ( w / v ) ) by adding are given in Fig. 1 . The adsorption of HDL increased with 1000 ml of the solution into the cell. Then the SDS solution was exchanged for PBS ( 1000 ml ) and the HDL on the surface after this desorption procedure was imaged again with the AFM.
RESULTS

The Water-Contact Angles of the Surfaces
The adsorption of HDL on five surfaces with various hydrophilicities was investigated. The water-contact angles of polyethylene (PE), poly(2-hydroxyethyl methacrylate) (poly(HEMA)), polyesterurethane (PU), Biomer, and mica surfaces were measured by the captive bubble method; the data are listed in Table 1 . PE was the most hydrophobic of Adsorption Kinetics of HDL increasing the HDL concentration from 0 to 5 mg/ml, and reached a plateau value at a concentration above 5 mg/ml.
HDL adsorption on PE from a single protein solution at 25ЊC was studied as a function of time (from 0 to 120 min); the results are shown in Fig. 4 . A significant increase of the HDL Adsorption as a Function of Plasma Dilution amount of HDL as a function of time was observed within Figure 2 shows the results of HDL adsorption on PE as a few minutes and the adsorbed amount did not increase a function of the plasma dilution (from 1:2 to 1:200000). A after that time, indicating that the adsorption of HDL reached small plateau of HDL adsorption was found between plasma a maximum within a few minutes. dilution 1:2 and 1:200; thereafter the adsorbed amount of HDL decreased with increasing plasma dilution. Tween 20 and SDS from various material surfaces. Under the conditions mentioned under A, it was easy to desorb The effect of temperature on HDL adsorption on PE was most of adsorbed HDL from PE, whereas it was difficult to estimated using an HDL solution of 500 mg/ml and a plasma desorb HDL from poly(HEMA). In addition, the desorption dilution of 1:1000 (Fig. 3) . The amount of HDL adsorbed of adsorbed HDL from mica, PU and Biomer by Tween 20 from the single protein solution was about the same at the was not effective. Comparing the desorption of HDL from two temperatures, while more HDL adsorbed at a higher PE at conditions of A and B indicates that it was more temperature from the plasma solution.
Desorption of HDL from the Surfaces
difficult to desorb HDL adsorbed from plasma than from a single protein solution. It was found that the desorption of HDL was lower when the adsorption and desorption took place at a higher temperature (C and D). This effect of temperature became more obvious when HDL had been adsorbed from plasma and the desorption was carried out with Tween.
Effect of Storing Temperature on the Desorption of Adsorbed HDL
The interaction strength between an adsorbed protein and a solid surface may change during storage in a buffer. Therefore the effect of the storing temperature on the desorption of adsorbed HDL from PE was explored at 25, 37, and 50ЊC (Fig. 5) . It was found that the desorption of adsorbed HDL by Tween or SDS from PE was decreased if the protein layer had been stored in buffer (pH 7.4) for 24 h at 25ЊC before the desorption procedure (see data in Table 3 and Figure  6C gives the image of the surface after the adsorbed HDL had been incubated with a SDS solution. A significant proportion of adsorbed HDL was desorbed from the surface. The residual HDL particles that were observed had a height of about 5 nm.
DISCUSSION
HDL Adsorption
HDL is known to be constituted of particles with heteroge- neous size (17). The fraction of plasma lipoproteins with a density of 1.063-1.210 g/ml has been operationally defined as high-density lipoproteins (HDL). Within this density the relative desorption of the protein was less except for the range, the major HDL subfractions are HDL 3 with a density desorption by SDS at 50ЊC. range of 1.110-1.210 g/ml and HDL 2 with a density range of 1.063-1.110 g/ml.
Adsorbed HDL on Mica Studied with AFM
The surface concentration of HDL adsorbed onto various surfaces was measured with an enzyme-immunoassay, which The adsorbed HDL on mica before and after desorption was investigated (Fig. 6 ) with the tapping mode AFM in has the advantage of high sensitivity and specificity, making it possible to detect the apoprotein part of adsorbed HDL. buffer. In this mode the AFM tip vibrated above the sample. Only during a short period of the complete movement did Because of the immunochemical heterogeneity of the protein part, very specific antibodies directed against HDL do not the cantilever touch the sample. The damping caused by the tip-sample interaction can be used to measure the topogra-exist. However, since apo A-I amounts to approximately 70% of the total amount of protein in HDL, and since this phy of the sample. Compared to the damage caused by lateral forces in the case of normal contact mode AFM, tapping polypeptide seems to be present in most of the HDL subfractions (3), antiserum specific for apo A-I was used for the mode AFM is much more gentle to soft samples. Figure 6A shows a background image of the freshly cleaved mica sur-detection of HDL.
In a previous study (12) we found that the nonspecific face used for HDL adsorption experiments. This surface was extremely smooth, which is shown by its root mean square adsorption of the first antibody as well as the conjugated second antibody, could be effectively eliminated by washing (RMS) roughness value of 0.1 nm. This value is mainly determined by residual vibration of the whole set-up (in-with PBS, containing 0.005% (w/v) Tween 20. This procedure was also used in the present investigation (see Materials verted microscope with the fluid cell) and acoustic noise picked up by the thin mica sheet. In Fig. 6B the image of and Methods). The adsorption data of the EIA are expressed as absor-observation is completely consistent with the results shown in Fig. 1 . Moreover, the results from Figs. 1 and 2 further bances (A450) of the generated dye in the assays. These data are not directly related to the amounts of adsorbed confirm that HDL preferentially adsorbs onto solid surfaces (5, 6, 7) because its adsorption was not influenced by the protein/cm 2 for the following reasons. Protein molecules generally undergo conformational changes during and after concentration change of other proteins in the plasma.
The kinetic data (Fig. 4) show that HDL adsorption adsorption. As a consequence several antigenic determinants of a protein molecule may lose their specific structure and reached a maximum within a few minutes, which is in agreement with the general observations that protein adsorpmay not be able to react with binding sites of the applied antibody. This phenomenon not only depends on the protein tion is an initial and fast process, and corresponds with the results on HDL adsorption mentioned in the literature (5 -and the material surface, but also on the possibility of the protein to unfold and spread upon the surface, which is time-7). Higher temperature of the protein solution results in an increase of diffusion, displacement of other proteins from dependent and influenced by the surface concentration of proteins already adsorbed. Moreover, in the case of multiple the surface, and conformation change of the adsorbed lipoprotein, which may result in a faster and stronger adsorption layer adsorption, sublayers cannot be detected by the EIA. Therefore a comparison of the data obtained by this tech-of the lipoprotein. The effect of temperature on the amount of adsorbed protein is complicated, but the adsorption of nique with those of a quantitative method such as radiolabelling is very difficult (7).
HDL from a plasma solution was found in our study to be higher at 37ЊC than at 25ЊC. Although no attempt was made to compare the adsorption of HDL on polyethylene and glass, Poot et al. (5) reported that HDL could preferentially adsorb on both substrates. Desorption of HDL However, van Damme et al. (7) observed a somewhat lower adsorption of HDL on two poly(n-alkyl methacrylate) sur-
The stability of the adsorbed HDL on the surfaces was investigated by studying the desorption of HDL in the presfaces with contact angles of 48Њ and 65Њ compared to the adsorption on another poly(n-alkyl methacrylate) surface ence of Tween 20 and SDS. It was demonstrated that Tween 20 and SDS were able to desorb HDL from the surfaces, with a contact angle of 73Њ. Those observations seem to indicate that a high adsorption of HDL on both hydrophilic and SDS was more effective than Tween 20 (Table 3) .
These findings are in agreement with other studies. For exand hydrophobic surfaces and a low adsorption of HDL on medium hydrophilic surfaces can be expected. In our study, ample, Elwing et al. (18) showed that Tween 20 has a small effect on the desorption of adsorbed Fb and g-globulin from solid surfaces with a wider range of surface hydrophilicities were chosen. As indicated in Table 1 , the water-contact hydrophilic surfaces. McGinlay et al. (19) observed that when the adsorbed layer of human IgG on poly(vinyl chloangles of the surfaces ranged from 14Њ to 95Њ. We also found that HDL showed a high adsorption on hydrophobic surfaces ride) was incubated with Tween 20, a significant proportion (Ç60%) was desorbed from the surface, whereas SDS was such as PE and on hydrophilic surfaces such as poly-(HEMA). On surfaces with a medium hydrophilicity such able to desorb almost all of the fibrinogen adsorbed on polymer surfaces (20) . as PU and Biomer the adsorption of HDL was quite low. However, the HDL adsorption was also low on the very Bohnert et al. (21) and Elwing et al. (18) reported that desorption of proteins was inhibited to a large extent by hydrophilic surface of mica. These results cannot be explained by the hydrophilicities of the surfaces, and in our incubating the adsorbed protein layer in buffer before desorption by detergents. This ''residence time'' effect has opinion, to understand the adsorption of a protein on a surface, more properties of the protein and the surface, such as been explained by slow conformational and orientational changes of the adsorbed protein molecule, resulting in an electrostatic interactions and hydrogen bond formation, may be important.
increased number of contact points between the protein and the solid surface (18, 21) . We also found that the desorption The adsorption of HDL onto PE was studied in more detail. The HDL adsorption increased with increasing HDL of HDL from PE by Tween 20 or SDS was reduced when the protein layer had been stored in buffer for 24 h, and concentration from 0 to 5 mg/ml. However, no more HDL adsorbed on the surface with HDL concentration above 5 the ''residence process'' was furthermore dependent on the temperature. mg/ml (Fig. 1) , which seems to indicate that 5 mg HDL/ml solution was sufficient to form a monolayer of adsorbed It is generally accepted that as the protein -surface interaction increases, the desorption of the adsorbed protein oc-HDL under the experimental conditions.
It was also observed that the adsorption of HDL from curs with more difficulty (20) . The interaction between a protein molecule and a surface is dependent on the nature plasma increased as the plasma dilution decreased from 1:200,000 to 1:200 (Fig. 2) . Because whole plasma gener-of both the protein and the surface, such as hydrophobicity, charge density, electrostatic properties and hydrogen bond ally contains 1 mg/ml of HDL, the 1:200 diluted plasma should contain an HDL concentration of about 5 mg/ml. This formation. Because the isoelectric points of HDL were found to be in the range pH 3.8 -5.2 (22, 23), it can be expected is covered with proteins and less than one-third with lipids. that the negatively charged HDL particles will strongly ad-In HDL 3 more than 90% of the particle surface must be sorb on OH-containing surfaces such as poly(HEMA) as a occupied by proteins. The available surface area, volume, result of hydrogen bond formation, and this may explain the and weight of an HDL 2 particle permits four molecules of quite low desorption of HDL from poly(HEMA). , human HDL has a spherical core consisting of (80% esterified). In HDL 3 the amount of apo A-I is reduced cholesterol esters and triglycerides which is surrounded by to two molecules per particle, and phospholipid and cholesa monolayer of free cholesterol and phospholipids. The outer terol to 50 molecules each. Most of the cholesterol, particusurface of the monolayer is covered with the apoproteins, larly the cholesterol esters, is buried in the lipophilic center which are closely packed together with the hydrophobic of the HDL particles. groups of phospholipids. Based on the structure of HDL and
The recent development of atomic force microscopy its negatively charged nature, it can be assumed that the allows to image adsorbed proteins in buffer and to investiouter surface of HDL is hydrophilic. This assumption may gate their presence on surfaces with high resolution and explain the facts that a high desorption from the hydrophobic small deformation. The dimensions of human von Willesurface of PE and a low desorption from more hydrophilic brand factor (25) and the adsorption of immunoglobulin G surfaces such as PU, Biomer, and mica were observed. and glucose oxidase (26) as a function of time have been The mechanism of displacement of HDL from the surfaces studied by normal contact mode AFM. It was pointed out by SDS or Tween 20 is quite uncertain due to the complexity (25, 26), however, that on the hydrophilic surface of mica of the systems. Apart from competition of the detergent and the contact mode AFM had produced images that display HDL for surface area, the detergent and HDL are probably features obviously formed by the imaging process. These able to form complexes both in bulk solution and at the approaches did not reveal clear images of protein distribution interface. These complexes may either stabilize or destabi-formed by adsorption (27, 28). In our study the adsorbed lize the adsorbed HDL layer, resulting in adsorbed amounts HDL in buffer was imaged by tapping mode AFM to diminof HDL which are higher or lower, respectively.
ish negative effects such as deformation and destruction of soft biological molecules due to the high lateral forces in Adsorbed HDL on Mica contact mode AFM. In order to image HDL by AFM, a smooth substrate was As mentioned above, HDL is a mixture of lipoprotein needed so that protein molecules could be distinguished from fractions differing not only in their lipid composition but also the topographical features of the underlying surface. Mica in their polypeptide content and distribution. High density fulfills this requirement. The mica surface is sufficiently lipoproteins are very small particles with an assumed spherismooth to permit identification of adsorbed HDL (Fig. 6 ). cal morphology, and therefore each particle consists of a The signal to noise ratio of the whole set-up showed a mica number of molecules of proteins and lipids. It has been assumed that more than two-thirds of the surface of HDL 2 surface with a RMS roughness value of 0.1 nm.
